Two sunflower lines, namely, Gulshan-98 (dwarf) and Suncross (tall) were subjected to water stress environment at the vegetative or reproductive growth stage. Three levels (0, 50 and 100 mM) of glycinebetaine (GB) were applied before sowing (seed treatments) or at the start of water deficit treatments (foliar application) at the vegetative or reproductive growth stage. Water stress significantly decreased leaf water contents, osmotic and turgor potentials in both sunflower lines. Pre-treatment of seeds with both levels of GB did not affect above mentioned water relation parameters under both control (normal irrigation) and water stress environments. Foliar application of GB at the vegetative or reproductive growth stage, however, increased leaf water and turgor potentials to some extent in both sunflower lines when grown under water stress. The leaf osmotic potential was not affected by exogenous supply of GB at either growth stage. However, water stress induced decline in achene yield/plant was significantly reduced by the foliar application of GB. Foliar spray of 100 mM GB was found to be more beneficial in preventing the effects of water stress on above mentioned attributes as compared with 50 mM GB.
Introduction
Shortage of water, the most important component of life, limits plant growth and crop productivity, particularly in arid regions more than any other single environmental factor (Boyer, 1982) . Reduced precipitation together with the higher evapotranspiration is expected to subject natural and agricultural vegetation to a greater risk of drought in those areas (Samarakoon and Gifford, 1995) . Even a short term drought can cause substantial losses in crop yield (Ashraf and Mehmood, 1990) . Decreasing water supply either temporarily or permanently affects morphological and physiological processes in plants adversely. Differences in water relation characteristics reflect the differences between the species and lines, and are considered as an indicator of drought resistance or tolerance (Sobrado and Turner, 1983) . Particularly, osmotic adjustment (active lowering of osmotic potential in response to drought) is a mechanism that significantly contributes towards drought resistance (Blum and Sullivan, 1986; Ludlow and Muchow, 1990) .
Water deficit has been shown to decrease leaf water potential in various sunflower lines (Ashraf and O'Leary, 1996) . In sunflower, leaf water potential usually ranges from − 0.48 to − 1.74 MPa under different agro-climatic conditions (Prasad et al., 1985; Rachidi et al., 1993) , although under water deficit, it can drop as below as −3.0 MPa (Wise et al., 1990) . Moreover, it is reported that dwarf sunflower lines are more drought tolerant than tall lines, showing a smaller decrease in leaf osmotic potential in response to drought stress (Angadi and Entz, 2002a) . Turgor maintenance plays a very important role in stress tolerance of plants and this may be due to its role in stomatal regulation, and hence photosynthesis (Ludlow et al., 1985) . Sunflower cultivars showing higher turgor potential under water stress showed a smaller decrease in yield (Angadi and Entz, 2002b) . However, some evidence indicated that stress tolerance is not associated with leaf turgor potential (Ashraf and O'Leary, 1996) .
It is well reported that exogenous application of glycinebetaine improves stress tolerance in different plant species including both GB-accumulators and non-accumulators (Harinasut et al., 1996; Hayashi et al., 1998; Allard et al., 1998) . Application of glycinebetaine significantly alleviates the adverse effects of salinity and water stress on growth of rice (Harinasut et al., 1996; Rahman et al., 2002) . However, other evidence suggests that exogenous application of GB is not effective for all crops (Sulpice et al., 1998; WeiBing and Rajashekar, 1999) . Furthermore, even toxic effects of exogenously supplied glycinebetaine have been reported in rape plants (Gibon et al., 1997) , suggesting that it is not a compatible solute for all plants. Diaz-Zarita et al. (2001) found that foliar application of glycinebetaine at the vegetative stage enhances grain yield by increasing number of grains per spike in water stressed wheat plants. Exogenous application of glycinebetaine also increases grain yield in some other crop plants like maize and sorghum (Agboma et al., 1997a) under varying levels of water stress. However, the rate and timing of glycinebetaine application affect the outcome, and different crop species respond differentially to soil water status and glycinebetaine application (Agboma et al., 1997a,b,c) . Glycinebetaine application to the foliage is readily absorbed but the concentrations in the leaves make a negligible contribution to the total leaf sap osmotic potential (Makela et al., 1998) .
Although a lot of literature is available about water stress effects on sunflower (Wise et al., 1990; Tahir et al., 2002; Angadi and Entz, 2002a) , information regarding the influence of exogenous glycinebetaine on physiological aspects of sunflower under normally irrigated and water deficit environment is scare. The present study was conducted to determine whether and how glycinebetaine application ameliorates the effects of water deficit on water relation parameters and yield of sunflower. The secondary objective of the study was to find out the appropriate application time at which exogenous glycinebetaine could be more beneficial to alleviate the water stress effects on sunflower plants.
Materials and methods
Two sunflower lines, namely, Gulshan-98 (dwarf) and Suncross (tall) were used in the present study. The seeds of both lines were obtained from the Regional Office of the Pakistan Seed Council, Faisalabad. The studies were conducted at the Research Area, Department of Botany, University of Agriculture, Faisalabad, Pakistan. Meteorological data were recorded at the University of Agriculture, Faisalabad, Pakistan (about 200 m from the experimental area) for the entire crop growth season. The mean maximum/minimum temperatures and rainfall have been presented in Fig. 1 . The soil used was clay. The soil texture was determined with the hygrometer method (Dewis and Freitas, 1970) . The physiochemical characteristics are presented in Table 1 . Electrical conductivity, pH and ions of saturation extract were determined according to Jackson (1962) . The available phosphorous was determined from saturated paste extract (Olsen and Sommers, 1982) . The nitrate and ammonium was estimated by acid digested material (Bremner and Mulvaney, 1982) and organic matter through sulphuric acid using the Walkley-Black Method (Sahrawat, 1982) . The experiment was laid out in a split plot design with four replications of each experimental unit.
The pre-planting irrigation was applied 15 days before sowing. When the soil came into condition, the field was well ploughed for sowing. Seeds (10 kg/ha) were hand drilled on January 18, 2003 with row to row distance of 75 cm. Thinning the plants was done 15 days after germination to keep plants at a distance of 30 cm. Each replication was allotted two rows containing six plants in each row. Water deficit treatments were applied at the vegetative and reproductive stages of plant growth with a control (normal irrigation) for each application time. First irrigation was applied 15 days after the emergence to all the three main plots. The second irrigation was applied 25 days after the first irrigation except the plants subjected to water stress at the vegetative stage. The third irrigation was applied at the time of head formation (twenty five days after the second one) except the plants subjected to water stress at the reproductive stage. The last irrigation was applied to all the plants at the seed filling stage. Glycinebetaine (MW 117) of Sigma Aldrich, Japan was used in the present study. There were three levels of glycinebetaine (0, 50, and 100 mM), applied before sowing (seed treatment) or at the time of initiation of water stress (foliar application) at the vegetative or reproductive stage. Carboxymethyl cellulose (5% solution) was used as a sticking agent for seed treatment, whereas, Tween − 20 (0.1% solution) was used as a surfactant for foliar spray.
Data for water relations attributes were collected after 20-25 days of each water stress and glycinebetaine treatment (45-50 days after the application of last irrigation to stressed plants). At maturity, yield per plant was recorded. The third leaf from the top (fully expanded youngest leaf) of two plants of each treatment was used to determine the leaf water potential. The measurements were made from 8.00 to 10.00 a.m. with Scholander type pressure chamber. The same leaf, as used for water potential, was frozen in a freezer below − 20°C for seven days, then the frozen leaf material was thawed and cell sap extracted with the help of a disposable syringe. The sap so extracted was directly used for the determination of osmotic potential using an osmometer (Wescor 5500). Turgor potential was calculated as the difference between osmotic potential (Ψ s ) and water potential (Ψ w ) values:
Analysis of variance of the data from each attribute was computed using the MSTAT Computer Program (MSTAT Development Team, 1989) .The Duncan's New Multiple Range test at 5% level of probability was used to test the differences among mean values (Steel and Torrie, 1980) .
Results
Water stress treatments significantly (P N 0.01) decreased leaf water potential in both sunflower lines ( Table 2 ). The decrease in leaf water potential was more pronounced when water stress was imposed at the vegetative stage (30%) than that at the reproductive stage (23%). Exogenous application of GB at different growth stages was found to be significantly reducing (P N 0.01) the adverse effects of water stress on leaf water potential. The leaf water potential of the plants sprayed with GB at the vegetative or reproductive stage did not differ significantly from each other but differed significantly from the plants supplied with GB as seed treatment (Table 2) . A significant (P N 0.001) effect of GB was also observed on leaf water potential. For example, maximum leaf water potential was observed after application of 100 mM GB (−0.886 MPa) followed by 50 mM GB (− 0.918 MPa) and 0 mM GB (− 0.938 MPa), respectively (Fig. 2) . Highly significant (P N 0.001) differences with respect to leaf water potential of plants were observed in the two lines of sunflower ( Table 2 ). The sunflower line Suncross showed higher leaf water potential (− 0.839 MPa) than Table 2 Mean square values from analysis of variance of water potential, osmotic potential and turgor potential of two sunflower lines subjected to water deficit and GB levels at different growth stages that of Gulshan-98 (− 0.984 MPa). Interactions among different factors such as water deficit × time of GB application, water deficit × GB levels, time of GB application × GB levels, water deficit × time of GB application × GB levels and water deficit × GB levels were also significant (Table 2 ). Seed treatment with either level of GB was not effective in alleviating the adverse effects of water stress on leaf water potential (Fig. 3) . Foliar application of GB was found to be effective only when it was applied at the time of initiation of water stress. Foliar spray of 100 and 50 mM GB at the time of initiation of water stress at the vegetative stage increased leaf water potential by 23 and 14%, respectively when compared with control (Fig. 3) . In contrast, at the reproductive growth stage a 19 and 15% increase in leaf water potential in 100 and 50 mM GB treated plants, respectively over control was observed.
Analysis of variance showed that imposition of water deficit at different growth stages significantly (P N 0.001) decreased leaf osmotic potential in both sunflower lines (Table 2) . Application of water deficit at the vegetative and reproductive growth stages caused a 13 and 8% decrease in leaf osmotic potential of water stressed plants, respectively as compared with normally irrigated ones. Analysis of variance also revealed non-significant role of GB application at different growth stages in reducing the adverse effects of water deficit on leaf osmotic potential ( Table 2 ). The three levels of GB applied exogenously had significant (P N 0.001) effect on leaf osmotic potentials of sunflower plants. Exogenous application of 100 and 50 mM GB caused a 26 and 13% decrease in leaf osmotic potential of GB treated plants, respectively than those of untreated plants (Fig.  4) . The two sunflower lines also differ significantly (P N 0.001) with respect to this variable. Suncross had lower leaf osmotic potential (− 1.280 MPa) than that of Gulshan-98 (− 1.194 MPa).
Leaf turgor potential of both sunflower lines reduced significantly (P N 0.001) after the imposition of water stress at both growth stages (Table 2 ). Leaf turgor potential of water stressed plants was declined to 34% as compared with well-watered plants to the imposition of water stress at the vegetative stage (Figs. 5 and 6). A 35% decrease in leaf turgor potential of stressed plants with respect to their controls was recorded in sunflower lines, when water stress was applied at the reproductive stage. Exogenous application of GB at different growth stages significantly (P N 0.001) reduced the adverse effects of water stress on leaf turgor potential (Table 2 ). Seed treatment with GB had almost no effects on leaf turgor potential under water stress (Fig. 5) . Foliar application of GB was found to be more effective when it was applied at the time of initiation of stress at both the vegetative or reproductive growth stages. Maximum value for leaf turgor potential was observed by GB application at the reproductive stage followed by GB application at the vegetative stage and the seed treatment with GB. The three levels of GB also showed significant differences for leaf turgor potential. Exogenous application of 50 and 100 mM GB had almost similar effects on leaf turgor potential of sunflower plants but their values were significantly higher than that of control plants. Leaf turgor potential of the plants of both sunflower lines differed significantly (P N 0.001) from each other. The sunflower line, Suncross showed 17% higher leaf turgor potential than that of Gulshan-98. Interactions among different factors such as water deficit × time of GB application, water deficit × GB levels, and water deficit × time of GB application × GB levels were also statistically significant (Table 2) .
Water stress had significant (P N 0.001) adverse effects on achene yield per plant in sunflower lines (Table 2) (Fig. 7) . Imposition of water stress at the vegetative stage caused a 61% reduction in achene yield per plant of stressed plants in respect of their controls (Fig. 8) . In contrast, a 40% decrease in achene yield per plant of stressed plants than that of normally irrigated plants was recorded when water stress was imposed at the reproductive stage (Fig. 9) . Exogenous application of GB at different growth stages had a significant (P N 0.001) effect in alleviating the adverse effects of water deficit on achene yield per plant (Fig. 7) . Foliar application of GB at the vegetative or the reproductive growth stage produced higher achene yield per plant than when GB was applied as seed treatment. The three levels of GB also differed significantly (P N 0.01) regarding this variable. Application of 100 and 50 mM GB produced 7 and 5% higher achene yield per plant, respectively as compared with control. Highly significant (P N 0.001) differences in achene yield per plant were observed in the two sunflower lines. The sunflower line Suncross produced higher achene yield per plant (69.4 g) as compared with Gulshan-98 (62.6 g). Interactions among all the factors were statistically non significant for this attribute.
Discussion
The results of the present experiment showed that when the sunflower plants were subjected to water stress, water potential became more negative and the foliar application of GB significantly reversed the effects of water stress on leaf water potential. However, the effect of GB in increasing leaf water potential was dose dependent when sprayed at the time of initiation of water deficit treatment at the vegetative or the reproductive growth stage. Contrastingly, Makela et al. (1998) had reported non-significant role of exogenous GB in preventing the water stress induced decrease in leaf water potential of a typical GB non accumulator (tomato). Similarly, Meek et al. (2003) also found non-significant differences in leaf water potential of GB treated and untreated cotton plants under water limited conditions. It was reported for sunflower that leaf water potential became less negative with increase in leaf relative water contents (Luisa et al., 1995) .
The decrease in leaf water potential due to water stress as observed in the present study has earlier been reported in sunflower (Luisa et al., 1995) and in other crop plants such as cotton (Meek et al., 2003) and tomato (Makela et al., 1998) . It was well reported that leaf water potential for sunflower ranges from − 0.5 to − 1.75 MPa under different agro-climatic conditions (Prasad et al., 1985; Rachidi et al., 1993; Angadi and Entz, 2002a) . The value of this variable was from − 0.64 to − 1.12 MPa during the entire period of the present experiment. However, leaf water potential depends on the duration and severity of water stress (Giminez and Fereres, 1986; Wise et al., 1990; Angadi and Entz, 2002a ) and the type of lines/varieties used for studies (Angadi and Entz, 2002b; Shisanya, 2004) . Therefore, differ- ences in leaf water potential of the two sunflower lines used for the present study indicated that water stress had different effects on the two lines. The relatively less negative leaf water potential of the Suncross than that of Gulshan-98 could not be explained in view of Angadi and Entz (2002a) who had reported more negative value in sunflower tall hybrid than that of dwarf one under water deficit environment. In contrast, maintenance of higher leaf water potential under drought stress by Suncross could be related to its water deficit tolerance ability, because sunflower genotypes with higher value for this variable were generally considered more stress tolerant (Angadi and Entz, 2002b) .
Active lowering of osmotic potential is generally considered an adaptation of plants to maintain turgor under water limited environment (Ludlow and Muchow, 1990) . It was observed in the present study that when leaf water potential fell in response to a reduction in soil water, there was also a parallel fall in the osmotic potential also, this was more pronounced when water deficit was imposed at the vegetative stage of plant growth. Line Gulshan-98 had lower value for leaf osmotic potential than that of Suncross. These results are in agreement with those of Angadi and Entz (2002a) , who also found less osmoregulation in standard tall sunflower lines. Exogenous supply of GB had no effects on leaf osmotic potential of the two sunflower lines. These findings are supported by the earlier studies of Makela et al. (1998) and Meek et al. (2003) , who also had found nonsignificant differences in leaf osmotic potential of GB treated and untreated plants of tomato and cotton, respectively grown under water limited conditions. Maintenance of turgor under abiotic stresses is generally considered the most important characteristic that enables the plants to endure the period of stress and to maintain better growth under adverse environmental conditions (Greenway and Munns, 1980) . The results of the present study revealed that plants treated with GB maintained higher leaf turgor under water limited environment as compared with untreated ones. The increase in leaf turgor potential was generally considered to be due to the decrease in osmotic potential (Ashraf, 1989; Ludlow and Muchow, 1990) . Foliar application of GB, however, also increased leaf turgor of water stressed plants by increasing the leaf water potential. There are however, some contrasting reports (Makela et al., 1998; Meek et al., 2003) indicating nonsignificant effects of exogenous GB on leaf turgor potential under water limited conditions in other crop plants. It was also observed that the Sunflower line, Suncross had lower leaf turgor than Gulshan-98 under water deficit and well-watered conditions. Genotypic differences for leaf turgor potential under water stress had also been reported in different crops such as maize (Saneoka et al., 1995) , sunflower (Angadi and Entz, 2002a) , cotton (Meek et al., 2003) and tomato (Makela et al., 1998) .
It is a well established fact that yields of crop plants in drying soil declines even in tolerant lines of that crop species (Ashraf and Mehmood, 1990; Tahir and Mehid, 2001) . A similar trend in yield decline was observed during the present investigation, the yield per plant was reduced due to water deficit treatments. The decrease in yield and yield components in different sunflower genotypes has also been reported by many workers (Nandhagopal et al., 1996; Tahir and Mehid, 2001; Tahir et al., 2002) . These workers clearly indicated that sunflower drought tolerant lines showed less reduction in yield of plants with respect to susceptible lines. Hence, maintenance of better yield of the sunflower line Suncross than that of Gulshan-98 under water deficit environments as observed in the present study points towards its higher drought tolerance ability.
The results of the present experiment clearly indicated that pre-soaking of seeds with GB was not significant in alleviating the adverse effects of water deficit on yield of both sunflower lines. The positive effects of foliar spray of GB on yield of sunflower lines grown under water limited environment as observed in the present study has also been reported in different crops such as tomato (Makela et al., 1998) , tobacco (Agboma et al., 1997b) , maize (Agboma et al., 1997a) , cotton (Gorham et al., 2000) and wheat (Diaz-Zarita et al., 2001 ). There are however, some contrasting reports indicating no effect of supplied GB on yield of wheat (Agboma et al., 1997a) and cotton (Meek et al., 2003) .
It is clear from the results of the present study that exogenous supply of the GB (foliar spray) showed effective role in ameliorating the effects of water stress on turgor potential and yield of two sunflower lines. The effect of GB application was more pronounced when it was applied at the time of initiation of water deficit at the vegetative or reproductive growth stages. Seed treatment with either level of GB was not effective in alleviating the effects of water deficit on above mentioned characteristics. Taken together, exogenously applied GB alleviated the adverse effects of water stress on sunflower plants in terms of achene yield. The GB induced enhanced yield was found to be associated with less negative leaf water potential and high turgor potential maintained by the GB treated plants.
